Symptoms of infection, such as fever, anorexia and lethargy, are ubiquitous among vertebrates. Rather than nonspeci® c manifestations of illness, these responses are organized, adaptive strategies that are often critical to host survival. During times of energetic shortage such as winter, however, it may be detrimental for individuals to prolong energetically demanding symptoms such as fever. Individuals may adjust their immune responses prior to winter by using day length to anticipate energetically-demanding conditions. If the expression of sickness behaviours is constrained by energy availability, then cytokine production, fever, and anorexia should be attenuated in infected Siberian hamsters housed under simulated winter photoperiods. We housed hamsters in either long (14 L : 10 D) or short (10 L : 14 D) day lengths and assessed cytokines, anorexia and fever following injections of lipopolysaccharide (LPS). Short days attenuated the response to lipopolysaccharide, by decreasing the production of interleukin (IL)-6 and IL-1b , and diminishing the duration of fever and anorexia. Short-day exposure in hamsters also decreased the ingestion of dietary iron, a nutrient vital to bacterial replication. Taken together, short day lengths attenuated the symptoms of infection, presumably to optimize energy expenditure and survival outcome.
INTRODUCTION
Exposure to pathogens or to in¯ammatory stimuli such as lipopolysaccharide (LPS) activates the immune system and initiates several physiological and behavioural responses that are collectively termed the acute phase response (Exton 1997) . These responses are ubiquitous among vertebrates and include fever, iron-withholding, reductions in food and water intake, and reduced interest in sexual, parental and other social interactions (Hart 1988) . Rather than being nonspeci® c manifestations of illness, these responses are initiated and maintained by the host via endogenous pro-in¯ammatory cytokines (e.g. interleukin (IL)-1), and are often critical to survival (Kluger & Rothenburg 1979; Wing & Young 1980; Dantzer et al. 1998b) . For example, fever is universal among infected animals; most microbial organisms have adapted to grow best at or below the core body temperature of the host and reproduce poorly at elevated temperatures (Kluger et al. 1998) . Mammals administered antipyrogenic substances such as¯urbiprofen, a cyclooxygenase (COX) inhibitor, suffer increased mortality from infection (Van Miert et al. 1978) ; the prevention of behavioural fever in ectothermic animals, in which individuals move to warmer locations in the environment, is associated with increased recovery time and mortality (Kluger & Rothenburg 1979) . In addition, infected animals often have decreased concentrations of blood iron (Hart 1988) . Bacteria require iron to replicate (Wright et al. 1981) , and during infection, iron is actively sequestered in the liver. The administration of iron supplements to mice and humans often increases the severity of infections (Van Miert et al.1984; Hart 1988) .
In addition to responses such as fever, behavioural responses to infection, collectively termed`sickness behaviours' , also appear to be highly organized, adaptive strategies for the host in overcoming infection more ef® ciently and effectively (Kent et al. 1992; Exton 1997; Langhans 2000) . For example, behaviours such as decreased activity and increased sleep conserve energy and allow tissue repair during illness (Hart 1988) . Immune function is energetically costly; the onset and maintenance of in¯ammation and fever, and the production of humoral immune factors all require substantial energy (Ardawi & Newsholme 1985; Demas et al. 1997; Moret & SchmidHempel 2000) . Despite the high value of calories during illness, the anorexia of infection appears highly adaptive, and is hypothesized to reduce both energy spent foraging for food and water, as well as to optimize pathogen elimination by further reducing the concentrations of iron and other nutrients in the blood (Exton 1997; Langhans 2000) . Mice that reduce food intake during infection recover more quickly than mice that maintain normal intake, and infected mice suffer increased mortality if force-fed (Wing & Young 1980) . Food preferences also change following cytokine or LPS administration; voluntary intake of protein, which is more likely than fats or carbohydrates to contain iron, is selectively decreased in comparison with other macronutrients in rodents (Aubert et al. 1995) .
Despite their stereotyped onset, the physiological and behavioural adjustments associated with the course of infection may be motivated, modi® able responses (Aubert 1999) ; thus their onset or expression may be altered by intrinsic or extrinsic factors. For instance, lactating female rats are lethargic and reduce maternal nest building behaviour following injections of LPS during exposure to mild ambient temperatures in the laboratory. Importantly, the rats cease to exhibit this sickness behaviour when exposed to low temperatures that presumably endanger the lives of their dependent pups (Aubert et al. 1997) . Thus, sick individuals retain the ability to respond to environmental stimuli during emergencies and, albeit with modi® ed behavioural thresholds, reorganize their behavioural strategies during infection. Infected female animals engage in signi® cantly fewer sexual interactions than non-infected females, presumably because pregnancy incurred during infection would probably be unsuccessful. The impact of infection on sexual behaviour in males is less pronounced than in females, because reproductive behaviour has fewer energetic costs in males (Avitsur & Yirmiya 1999) . Thus, the energetic status or requirements of an individual may have a profound in¯uence on the expression of sickness behaviour.
Winter is often an energetically demanding time during which animals are exposed to potentially harsh conditions such as low temperatures, coincident with reduced food and water availability and increased thermogenic demands. Siberian hamsters (Phodopus sungorus) cease breeding during the short days of winter. If exposed to short, winter-like day lengths in the laboratory, these hamsters undergo signi® cant reductions of white adipose tissue and body mass (ca. 25%), despite mild temperatures and ad libitum access to food (Steinlechner & Heldmaier 1982) . This adaptive strategy has presumably evolved because maintenance of a smaller body size throughout winter requires less food, and less heat loss occurs due to a reduced surface-to-volume ratio. Seasonal adaptations in behaviour and physiology improve the animals' ability to cope with the annual changes in environmental energy demands (Heideman & Bronson 1990; Nelson et al. 1998) . Siberian hamsters may adjust their sickness responses prior to winter by using day length to anticipate energetically demanding conditions. If the expression of fever and anorexia are constrained by energy availability, then, similar to reproduction, these responses should be attenuated in short-day hamsters because they typically have fewer energetic reserves. The in¯uence of 10 weeks of long-or short-day length exposure on the production of cytokines (i.e. IL-6 and IL-1b ) and the expression of sickness behaviours (i.e. fever, anorexia) was examined in response to LPS. The hypothesis that infection-induced anorexia may serve as an iron-reducing mechanism was also tested by determining the in¯uence of short-day exposure on the ingestive response to varying concentrations of iron in a food source following LPS.
METHODS (a) Animals
Adult (four to six months of age) male Siberian hamsters (P. sungorus) from our breeding colony were used in this study. Animals were housed individually in colony rooms with a con-stant temperature and humidity of 21 ± 2°C and 50 ± 5%, respectively, and ad libitum access to food and tap water. Hamsters were either housed in long-day (LD) conditions with a reverse 14 L : 10 D cycle (lights on at 24.00 EST), or in shortday (SD) conditions with a reverse 10 L : 14 D (lights on at 04.00 EST). All hamsters were maintained within their respective photoperiod conditions for 10 weeks prior to the start of the experiments. All studies were conducted after institutional animal care and use committee approval and were in compliance with all US federal animal welfare requirements.
(b) Surgical procedures
Fourteen LD and eight SD hamsters were implanted intraperitoneally (i.p.) with radio-telemetric transmitters (Mini-Mitter, Bend, OR) under sodium pentobarbital anesthesia and allowed a week' s recovery. Cages were placed on TR-3000 receiver boards and connected to DP-24 DataPorts (Mini-Mitter) and a personal computer. Emitted temperature frequencies were collected in 10 min intervals (bins), and were converted to temperature values by interpolating from programmed calibration curves of individual transmitters.
(c) Anorexia and fever assessment
A subset of the implanted hamsters in both long (n = 8) and short days (n = 8) was then acclimatized to a sweetened condensed milk solution (Eagle brand; 1 : 1 with water) for a period of 6 h (14.00 to 20.00) each day for 5 days, beginning with the onset of the dark phase. On day 6, these animals received 0.1 cc i.p. injections of 25 m g LPS (Sigma) suspended in sterile saline at 13.00 EST. The remaining six LD implanted hamsters received injections of saline at this time as a control during fever monitoring. Milk intake was monitored in LPS-injected animals from 1± 7 h post-injection, and again on days 7 and 8 for 6 h (14.00 to 20.00) each day. Total milk intake was recorded at the end of 6 h each day by subtracting end from start volume (±0.01 ml) using 10 ml drinking cups. Ad libitum food intake (food absent during the hours of milk presentation), body mass and body temperature were monitored daily.
(d) Cytokine assessment
Eighteen hours post-LPS injection (day 7) animals that had been used in the fever assessment (n = 16) were lightly anaesthetized with methoxy¯urane vapours (Metofane, Schering-Plough), and blood samples (0.5 ml) were drawn from the retro-orbital sinus, allowed to clot for 1 h, the clot removed, and the samples centrifuged at 4°C for 30 min at 3500 rpm. Handling was kept to less than 2 min. Serum aliquots were stored at 2 80°C until assayed for IL-6 using an enzyme-linked immunosorbent assay (ELISA) (Biosource International).
A separate group of 10 LD and 10 SD hamsters that were previously unmanipulated were bled from the retro-orbital sinus (1 ml) at 13.00 EST. We measured IL-1b in culture supernatant because the incidence of IL-1 within the circulation tends to be very low (Rothwell 1997; Netea et al. 2000) and was undetectable in the serum in our samples. Lymphocytes were separated from whole blood by Ficoll gradient centrifugation as described elsewhere . Viable cells were adjusted to 1´10 6 cells ml 2 1 by dilution with culture medium, and 200 m l aliquots of each cell suspension were added to the wells of sterile round-bottom 96-well culture plates. LPS (2.5 m g; Sigma) was added directly to each cell suspension, and plates were incubated at 37°C with 5% CO 2 for 48 h prior to supernatant extraction. Supernatant samples were frozen at 2 80°C until assayed for IL-1b using an ELISA (Biosource). The optical density (OD) of each well was determined for each assay with a microplate reader (Bio-Rad) equipped with a 450 nm wavelength ® lter. Mean duplicate OD values were used in subsequent analyses.
(e) ELISA validation The ELISA method previously described uses antibodies against human IL-1b and IL-6, which appear to detect hamster IL-1b and IL-6 in a sensitive and reliable manner. To further verify these results, we performed immunoprecipitation and electrophoresis procedures. Plasma of hamsters (n = 3) injected with 25 mg kg 2 1 of LPS was harvested 3 h post-injection. 100 m g of plasma proteins were incubated with 2 m g of the appropriate Biosource capture and visualization antibodies against human IL-1b or IL-6. The resulting immune complexes were precipitated with 20 m l of protein A-argarose (sc-1002, Santa Cruz Biotechnology, Santa Cruz, CA). After washing away unprecipitated proteins, the precipitated proteins were run on a SDS-Page (12%) gel and stained by commassie blue and photographed. Figure 1 shows that immunoprecipitation of hamster plasma with antibodies against human IL resulted in three bands: two high molecular weight bands corresponding to the size of IgG (145 Kd) and protein A (45 Kd), respectively. The third band of ca. 17 Kd (lane 1) corresponds to human IL-1b (Dantzer et al. 1998a) . Lane 2 shows antibodies against human IL-6 precipitated a hamster protein ca. 22 Kd, similar to the molecular weight of human IL-6 (Saper 1998) . These results strongly suggest that the antibodies we used in our ELISA methods speci® -cally recognized hamster IL-1b and IL-6.
(f) Ingestion of dietary iron in milk
One week after blood sampling, the 10 LD and 10 SD hamsters used for IL-1b assessment were acclimatized as described . Zero and 40 m g ml 2 1 FeSO 4 correspond to minimal concentrations of iron based on normal dietary intake in rodents, whereas 400 and 4000 m g ml 2 1 are within the range of standard concentrations of daily dietary intake (Viteri et al. 1995) . During acclimatization, hamsters were maintained on a low iron diet, and food was removed during the hours of milk presentation each day. On day 6, animals received 0.1 cc i.p. injections of 25 m g LPS suspended in sterile isotonic saline at 13.00 EST. A separate group of eight LD and eight SD hamsters that were previously unmanipulated were acclimatized to a zero (0 m g ml ) and high dose (4000 m g ml ) of FeSO 4 -treated milk for 5 days as described above. On day 6, these animals received 0.1 cc i.p. injections of saline at 13.00. Milk intake was measured for a period of 6 h each day beginning with the onset of darkness (14.00), and body mass and food intake were measured daily for 3 days.
(g) Reproductive measures
At the conclusion of all procedures, all LPS-injected hamsters used in fever, anorexia, cytokine and Fe 2+ milk intake assessments for each photoperiod group (n = 18, each photoperiodic group) were killed via rapid cervical dislocation. Paired testes, 
(h) Data analysis and statistics
Baseline body temperatures for the active and inactive phases of the light cycle were determined for each animal using mean values for the 5 days prior to LPS. Temperatures were analysed for the 18 h following LPS injections across all time points using a repeated measures analysis of variance (ANOVA) (photoperiod time) in order to assess the overall amplitude of fever. We de® ned fever as temperatures signi® cantly (p , 0.05) higher than the active phase baseline for each 15 min interval using two-tailed t-tests. The total duration of temperatures above the baseline were compared between groups using a one way ANOVA. Latency to onset of fever was compared using a one way ANOVA. The circadian increase in body temperature (ca. 0.4°C) that occurs 1± 2 h prior to lights out was also analysed between groups using a one way ANOVA to assess whether LD and SD animals may increase body temperature according to different circadian timers. Anorexia was assessed as a percent of baseline food or milk intake for the day of LPS injections and each day following, and compared between groups using one way ANOVAs. Fe 2+ intake was assessed following injections of LPS as percent of baseline intake of each FeSO 4 milk concentration and analysed using a repeated-measures ANOVA. Each dose was analysed individually to compare pre-and post-LPS intake using one way ANOVAs. Post-hoc differences between all means were analysed using Tukey' s honestly signi® cant difference test. All tests were considered statistically signi® cant if p , 0.05.
RESULTS

(a) Reproductive measures
SD hamsters (n = 18) had signi® cantly lower body, reproductive organ, and fat pad masses than LD hamsters (n = 18) after 10 weeks of photoperiod manipulation ( p , 0.001 for all; table 1).
(b) Fever LPS signi® cantly increased body temperature in both LD and SD hamsters (n = 8, each photoperiodic group). Saline injections did not cause fever (n = 6; ® gure 2a). Neither fever amplitude nor latency to onset differed signi® cantly as a function of day length. However, duration
Proc. R. Soc. Lond. B (2002) of fever (h), de® ned as temperatures signi® cantly higher than active baseline, was markedly attenuated in SD (6.5 ± 0.74 h) compared with LD hamsters (11.1 ± 1.22 h) ( p , 0.01; ® gure 2b). Neither baseline body temperatures nor the circadian increase in body temperature prior to lights off differed between LD and SD hamsters (data not shown).
(c) Anorexia and weight loss
Hamsters signi® cantly decreased their intake of sweetened condensed milk (® gure 3a) and laboratory food (® gure 3b; p , 0.001 in both cases) following LPS injections. On days 7 and 8, SD hamsters (n = 8) consumed signi® cantly more milk and food (47% more calories) than did LD hamsters (n = 8) ( p , 0.005 in both cases). SD hamsters resumed normal food intake within 24 h of infection, and normal milk intake within 48 h. By contrast, LD animals did not approach the normal milk and food intake throughout the 48 h period. Consequently, LD hamsters lost more weight (46% more) in the days following LPS injections than SD hamsters ( p , 0.005; ® gure 3c). Saline injections did not signi® cantly in¯uence milk intake (either Fe 2 + dose), food intake, or body mass (data not shown).
(d) Cytokine concentrations
Serum IL-6 was decreased in SD compared to LD animals (n = 8, each group) following induction of fever (18 h post-LPS; p , 0.05; ® gure 4a). LPS-stimulated production of IL-1b was attenuated in the culture supernatant from unmanipulated SD compared to LD hamsters (n = 10, each group; p , 0.001; ® gure 4b).
(e) Fe 2 milk intake Baseline intake of four FeSO 4 milk solutions did not differ between LD and SD hamsters (n = 10, each group) during the acclimatization period (® gure 5a). As expected, all hamsters reduced their milk intake following LPS injection by reducing all four concentrations of FeSO 4 -treated milk compared with intake during the acclimatization period (p , 0.01 for all; ® gure 5b). However, SD hamsters signi® cantly reduced consumption of only the two highest concentrations of milk (400 and 4000 m g ml 2 1 FeSO 4 ) compared with 0 and 40 m g ml 2 1 doses, and LD hamsters ( p , 0.001 for both). LD hamsters exhibited no distinction among doses and reduced intake of all four equally.
DISCUSSION
Physiological and behavioural defences against pathogenic infection may assist individuals in regaining strength and overcoming infection (Hart 1988; Kent et al. 1992) . However, responses such as fever and anorexia may be dependent on seasonal¯uctuations in energy availability. Siberian hamsters housed in winter-like, short day lengths initiate signi® cant reductions in body mass and reproductive function in preparation for winter (Steinlechner & Heldmaier 1982) . SD hamsters reduced fever duration following injections of LPS and lost less body mass following LPS compared with LD animals. SD hamsters resumed normal feeding within 24 h of infection, whereas LD animals did not approach their normal milk and food intake throughout the 48 h post-LPS period. Importantly, the ability to initiate an immune response was unaltered in SD; neither fever amplitude nor latency to onset differed as a function of day length. Conversely, reductions in body mass and fat deposits, and thus energy stores, were correlated with reduced febrile and anorexic responses. Coincident with these behaviours, concentrations of serum IL-6 and culture supernatant IL-1b were lower in short days than in long days.
Our behavioural results are consistent with data in rats, in which obese animals exhibit greater anorexia after IL-1b infusions than lean rats (Plata-Salaman et al. 1997) , and rats that are food restricted to 6 and 12% of normal body weight do not exhibit anorexia in response to in¯ammation as severely as ad libitum fed animals (Lennie 1998) . Similarly, high body mass in iguanas (Iguana iguana) is correlated with choosing warmer temperatures in the environment during infection, and thus inducing higher fever, compared with those animals of low body mass (Deen & Hutchison 2001) . The low body mass set point of SD Siberian hamsters appears to be strictly defended, because extended fever and anorexia may be counterproductive rather than bene® cial in energetically compromised animals. For example, chronic anorexia in humans is a common clinical manifestation that can lead to cachexia and a longer recovery time following infection (Plata-Salaman et al. 1997) .
The hypothesis that infection-induced anorexia may serve as an iron-reducing mechanism was also examined. The administration of iron supplements to humans often increases the severity of infections (Hoen 1999) . Conversely, treatment with iron-chelating compounds is associated with improved recovery from bacterial infections, including malaria, tuberculosis and Mycobacterium avium, a common complication of HIV infection and AIDS (Hershko et al. 1992; Cabantchik et al. 1999; Gomes et al. 1999 ). When presented with four different concentrations of iron-supplemented milk, SD hamsters selectively reduced consumption of sweetened milk solutions containing moderate to high concentrations of iron following injections of LPS, whereas LD hamsters exhibited no distinction among doses. Thus, SD animals ingested more food following infection than LD hamsters, because they probably could not afford to lose critical body mass, but SD hamsters decreased intake selectively when micronutrients essential for the growth of pathogenic microorganisms were contained in the food (i.e. Fe ++ ). It is unclear from these data whether anorexia may serve as an iron-reducing mechanism, per se, as LD hamsters did not distinguish among doses. LPS administration in rats reduces the threshold for detection of quinine in sucrose water and accelerates a change from appetitive to aversive reactions to quinine, compared with uninfected controls (Aubert 1999) . The present data suggest that day length (and thus energy status) may mediate the response threshold to micronutrients in food during infection in hamsters, thus preventing energetically compromised animals from absorbing harmful compounds that might otherwise be tolerated in normal weight animals.
The immune system has been considered a diffuse sensory organ and regulator of metabolism that works throughout the body to achieve and maintain homeostasis (Husband 1995) . Recent evidence implicates the involvement of cytokines in metabolic, as well as pathological processes (Husband 1995; Inui 2000 IL-1 is released downstream of leptin, the protein product of the ob gene and an important regulator of energy balance; IL-1 in turn plays a role in food intake and metabolism (Luheshi et al. 1999) . We suggest that the decreased production of cytokines in SD hamsters may re¯ect an adaptive reorganization (i.e. attenuation) of sickness behaviours in preparation for the harsh conditions of winter. Thus, Siberian hamsters may use day length information to orchestrate the response to infection prior to the onset of challenging environmental conditions. During infection, the release of pro-in¯ammatory cytokines (i.e. IL-1b and IL-6) is strongly correlated with the expression of fever and sickness behaviours in a dose-dependent manner in rats and mice (Dantzer et al. 1998b; Dunn & Swiergiel 1998) . IL-6 concentrations were lower in serum from SD than LD hamsters 18 h post-LPS, despite the fact that fever was no longer present in either group of animals. Similarly, the increased concentrations of IL-1b observed in LD compared with SD supernatant re¯ect the production of IL-1b from baseline conditions. These results may re¯ect lower concentrations of cytokine-producing cells in short days in this species. Alternatively, immune reactions in SD hamsters may be more ef® cient than in LD animals; truncated fever and anorexia may re¯ect elimination of in¯ammatory elements more quickly, and thus a faster return to baseline. These hypotheses remain to be fully investigated.
The pineal hormone, melatonin, encodes day length (photoperiod) information, and appears to be the primary hormone mediating seasonal changes in reproduction and physiology in mammals (Bartness et al. 1993) . Melatonin is secreted only at night, and the duration of its release is proportional to the length of the dark phase (Illnerova et al. 1984) ; consequently, SD hamsters experience longer nightly durations of melatonin than LD hamsters. The role of melatonin as an immunomodulator is well established, and its in¯uence on immune function has been elucidated for a variety of species (Maestroni 1993; Nelson & Blom 1994; Liebmann et al. 1997; Nelson & Drazen 1999; Conti et al. 2000; Drazen et al. 2000 Drazen et al. , 2001 . Melatonin attenuates the LPS-induced production of cytokines and prostaglandins in rat serum (Nava et al. 1997) , and reduces body temperature in humans (Deacon & Arendt 1995) , as well as fever following LPS treatment in rats (Nava et al. 1997) . Other sickness behaviours, including hyperalgesia and adipsia, are also attenuated following melatonin treatment (Nava et al. 1997; Raghavendra et al. 2000) . In seasonally breeding animals, centrally acting melatonin is crucial for reproductive involution (Bartness et al. 1993) , and its role as part of an integrative system to coordinate reproductive, immune and other physiological processes makes it a probable candidate for the seasonal mediation of sickness behaviours.
Our results suggest that the expression of sickness behaviours, while stereotyped, may be organized according to the seasonal and energetic requirements of the individual. Many animals, including humans, are not reproductively responsive to changes in day length; however, occurrence and susceptibility to many diseases occur on a seasonal basis (Nelson et al. 2002) , and the extent to which day length in¯uences the severity or duration of illness remains unspeci® ed. An appreciation of the mech-anisms underlying the interaction of environment and the onset and attenuation of sickness behaviours could have important and novel clinical applications.
